Three genes from the Bacillus subtilis major che-fla operon have been cloned and sequenced. Two of the genes encode proteins that are homologous to the Escherichia coli and Salmonella typhimurium flagellar biosynthetic proteins FliP and FliQ. The third gene, designatedfliZ, encodes a 219-amino-acid protein with a predicted molecular mass of 24,872 Da. FliZ is not significantly homologous to any known proteins. Null mutants in fliP and fliZ do not have flagella; however, motility can be restored to the fliZ null mutant by expression offliZ from a plasmid. FliZ has a conventional N-terminal signal sequence that does not direct secretion of the protein but appears to target the protein to the membrane. Two possible models of insertion of FliZ into the membrane are described.
Flagellar assembly in Escherichia coli and Salmonella typhimurium is a very complex process involving at least 40 gene products (15) . Some of these are structural proteins, while others have biosynthetic and flagellum-specific export functions. Recent biochemical and genetic experiments with temperature-sensitive mutants have been done to determine at what stage of flagellar assembly each protein is needed (16) . Many proteins are known to be required for the earliest detectable flagellum structure, the rivet, although the specific roles of each of these proteins are unknown. Genes encoding flagellar proteins are clustered in three regions in the E. coli chromosome comprising 14 different operons. The regulation of these operons is currently an area of intense study (for a review, see reference 21) .
Recently, Bacillus subtilis genes that encode proteins that are homologous to many of the E. coli structural components of the hook-basal body complex have been reported (36) . Other genes encoding biosynthetic proteins have also been reported, as have two proteins that are homologous to the switch proteins FliM (35) and FliG (1) . These genes are all part of the major che-fla operon in B. subtilis that also encodes many chemotaxis proteins (for a review, see reference 4). The number of homologous proteins suggests that the processes of rotation and assembly of the flagellar apparatus are similar within the two organisms. Unlike E. coli and S. typhimurium, B. subtilis does not have an outer membrane, and therefore it is expected that there may be slight structural differences in the flagella.
Except for FlgI, the peptoglycan ring (P ring), and FlgH, the lipopolysaccharide ring (L ring), the structural proteins in E. coli and S. typhimurium are believed to be exported through the helical core of the flagellum by the flagellumspecific export system (21) . Both FlgH and FlgI have N-terminal signal sequences that are cleaved (14) . The P and L rings are put into place after the rivet has been formed and are used to anchor the flagella to the outer membrane in E.
coli and S. typhimurium. B. subtilis has no need for these particular proteins, and the genes encoding them are absent from the operon (4) . Other structural components may be required in B. subtilis to interface with the thick cell wall.
Many B. subtilis chemotaxis mutants that are almost certainly in flagellar genes have been isolated (4) . In most cases, the mutants exhibit a tumbly phenotype. Additionally, some of the mutants are defective in methanol release upon chemotactic stimulation. The mutations from one complementation group, cheF, have been shown to be in the gene coding for FliJ, which is required for formation of the basal body (33) . Mutants 
MATERIALS AND METHODS
Bacterial strains and plasmids. Tables 1 and 2 list strains and plasmids used in this study. Plasmid pDB37 contains an 0.8-kb NaeI-HpaI fragment from the 4.0-kb EcoRI fragment of the chefla operon ( Fig. 1 ) subcloned into pEB112, such that fliZ is under control of the tac promoter (19) , which can be induced by addition of isopropyl-3-D-thiogalactopyranoside (IPTG). Plasmid pBE240 (29) is an E. coli-B. subtilis shuttle vector in which phoA translational fusions can be used to determine whether a signal sequence directs secretion of alkaline phosphatase. Plasmid pDB46 has the 0.5-kb NaeI-PvuII fragment from the 4.0-kb EcoRI fragment cloned (8) . The cat fragment was subcloned from pBR329 on a 0.7-kb BamHISau3A fragment and cloned into the BamHI site of pUC19 to create pDB4 (25) . The cat fragment can be isolated from pDB4 on a SmaI fragment and used to inactivate genes by insertion into any blunt-ended site. The resulting plasmid, pDB29, with the fliP::cat mutation in pUC18, was linearized with Hindlll and wild-type B. subtilis transformed to select for chloramphenicol resistance.
Chromosomal DNA from the two mutants was prepared as described by Marmur (22 [26] or E. coli [32] ) containing drug and IPTG. Cultures were incubated at 37°C for 3 h before analysis. Microscopic analysis was performed by using a Zeiss Standard RA microscope and a Panasonic WV-BL200 camera. Transformants were also tested on 0.27% agar tryptone swarm plates (27) containing IPTG (range, 10-to 102M) and appropriate antibiotic (chloramphenicol or kanamycin at 7.5 ,ug/ml).
Membrane preparations. Membranes from B. subtilis transformants containing pBE240, pDB46, and pDB47 were prepared from LBr (1% [wt/vol] tryptone, 0.5% [wt/vol] NaCl, 0.5% [wt/vol] yeast extract) cultures by the method of Goldman and Ordal (10) .
Assay of secreted alkaline phosphatase from pBE240 derivatives. Secreted alkaline phosphatase from B. subtilis transformants containing pBE240, pDB46, and pDB47 was detected on GYEXP plates, on which a blue color around the colonies indicates alkaline phosphatase activity (29) .
Alkaline phosphatase was also measured from liquid cultures by the method of Brickman and Beckwith (6) . Membrane samples were prepared as described above. Triplicate assays were run as follows. Fifty microliters of supernatant (or membranes) was diluted to 500 ,ul with 1 M Tris (pH 8.0). 
RESULTS
Nucleotide sequence. The nucleotide sequence of a 1.7-kb NaeI-EcoRI fragment within the larger 4.0-kb EcoRI fragment ( Fig. 1) is presented in Fig. 2 (Fig. 3) : a short positively charged polar region (n region) following the initiator codon (MKKSQY), a hydrophobic core (h region) that is 7 to 15 amino acids long (FIVFICFFVLF), and then a short polar carboxyl-terminal region (c region) that is 3 to 7 residues long (SVHPI). There is also a proline residue that is typically seen five residues upstream of the cleavage site AXA (24) . It is possible that the cleavage could take place anywhere between residues 23 and 29 (AAAAADS). An N-terminal analysis must be performed for the purified protein to determine the exact site of cleavage. The hydropathy plot of FliZ indicates that the protein may be an integral membrane protein (Fig. 4) , with two regions that are both long enough and sufficiently hydrophobic to cross the membrane. The first region is from residues 6 to 27, which includes the hydrophobic region within the signal sequence. The second region is between residues 67 and 96. The region between residues 27 and 66 is very hydrophilic, as is the C terminus. Repeated attempts to create a fliQ null mutant were unsuccessful, as a plasmid-borne fliQ::cat mutation could not be transferred onto the chromosome.
The fliZ and fliP null mutations were transferred to the chromosome and verified by Southern blot analysis. Digestion of chromosomal DNA from the fliZ mutant 012861 with EcoRI yields a single band at 3.6 kb, indicating that fliZ is deleted, whereas wild-type 011085 yields a band at 4.0 kb (Fig. 5) . Digestion of chromosomal DNA from the fliP::cat mutant 012826 with EcoRI yields two fragments of 3.1 and 1.2 kb, since the cat insert also contains an EcoRI site.
The null mutants in bothfliZ and fliP were nonmotile. The cells did not agglutinate when incubated with antiflagellar antibody, indicating that the strains are nonflagellated (data not shown).
Complementation of thefliZ null mutant. To test whether the fliZ deletion mutation has a polar effect on the downstream genes, pDB37, which has fliZ under control of the IPTG-inducible tac promoter, and the parent plasmid pEB112 (19) were introduced into strain OI2862. Transformants were tested on TBr swarm plates with IPTG (range, 10-6 to 10-2 M). Partial complementation of 012863, which expresses fliZ from pDB37, was observed at 10-4 M IPTG, and the swarm size was restored to wild-type levels at 10-3 M IPTG (Fig. 6A and B) . No inhibition at higher concentrations of IPTG was observed.
Complementation studies with SPI3 transducing phages. Four complementation groups map to the 4.0-kb EcoRI fragment (28) . Deletion mapping suggested that cheA (later renamed ori219 [3] to distinguish it from the autophosphorylating kinase CheA [9] ) may be fliZ (37) . To test whether fliZ was in fact cheA, complementation experiments were performed with SPI3::Tn9l7 phages carrying wild-type ((11472) or mutant ((1472 cheAJJ9) DNA (28) . When thefliZ deletion mutant OI2861 was infected with (1472, the swarm size was restored to wild-type levels. Infection with (1472 cheAll9 could not restore wild-type-size swarms, indicating that cheA and fliZ are allelic (37) . NI17 (a smoothly swimming mutant) was reported to be defective in the same gene (28) , but additional experiments revealed that the mutation in NI17 is not allelic with either cheAIl9 or fliZ (data not shown). Therefore, point mutations in fliZ (cheA) appear to give tumbly mutants and not both smoothly swimming and tumbly mutants as previously reported (28) .
Deletion mapping experiments also suggested that the cheC complementation group could be allelic with eitherfliP or fliQ (37) . To distinguish between the two, the fliP::cat mutant 012826 was infected with (1472 and with (1472 cheC128. 11472 could complement 012826, but (1472 cheC128 could not, implying thatfliP and cheC128 are allelic.
All mutants in cheC are tumbly (28) .
Assay of alkaline phosphatase activity from phoA translational fusions with the signal sequence of fliZ. To test the possibility that the signal sequence offliZ directs secretion of the protein, phoA translational fusions were constructed. Plasmid pBE240 is a B. subtilis-E. coli shuttle vector that can be used to test potential signal sequences for the ability to secrete alkaline phosphatase (29) . It contains the apr signal sequence fused to the phoA gene. Signal sequences to be tested are cloned between the apr signal sequence and the phoA gene. If the cloned sequence directs secretion, alkaline phosphatase can be detected in the supernatant. If the signal sequence is not active, it will disrupt the apr signal sequence and no alkaline phosphatase will be detected. A 0.5-kb NaeI-PvuII fragment from the larger 4.0-kb EcoRI fragment was cloned into the EcoRV site upstream of phoA. This construct fused the N-terminal region of FliZ up to residue 121 in frame with phoA, and the C-terminal region of FliZ was replaced with alkaline phosphatase (Fig. 4) . The fragment was cloned in the coding orientation in pDB46 and in the opposite direction in pDB47. Wild-type B. subtilis 011085 was transformed with pBE240, pDB46, and pDB47 to make 012849, 012850, and 012851, respectively. Transformants were streaked on GYEXP indicator plates. Under this assay, colonies from all of the strains were blue, but the OI2849 colonies also had blue halos surrounding the colonies, which were not present around the 012850 and OI2851 colonies (data not shown). This result suggested that alkaline phosphatase was being secreted from the parent vector pBE240 under direction of the apr signal sequence, but not from pDB46, which has the fliZ signal sequence.
It is possible that the function of the signal sequence is not to secrete FliZ but to direct the protein to the membrane. To test this possibility, supernatants and membrane fractions from strains 012849, 012850, and 012851 were tested for alkaline phosphatase activity. Some activity was detected in supernatants from all three strains, although strain 012849, which contains the parent plasmid pBE240, had 11 times as much activity as 012850, which contains pDB46, and 25 times as much activity as OI2851, which contains pDB47 (Fig. 7A) . Assays of the membrane fractions revealed that 012849 and 012850 had six times as much activity as 012851 membranes (Fig. 7B) . The activity in the membranes was stable even after membranes were washed with 1 M KCI, suggesting that the activity comes from integral membrane rather than membrane-associated proteins (data not shown). and S. typhimurium flagellar biosynthesis have not been elucidated; however, it is known that they are required for the assembly of the rivet at the earliest stage of flagellar biosynthesis (21) . The homology suggests that they have similar functions in B. subtilis. The lack of flagella in the fliP::cat mutant also suggests a role in biosynthesis of the flagella. This mutation was created by insertional activation with a cat gene (8) . This fragment containing the cat gene has been used successfully in our laboratory for mutagenesis (3, 5, 7, 9, 12) and has never been found to have polar effects on downstream genes, although it cannot be ruled out at this point that the lack of flagella in the fliP::cat mutant is due to polar effects on downstream flagellar biosynthetic genes.
FliZ is not homologous to any known flagellar or chemotaxis protein, yet it is required for biosynthesis of the flagella in B. subtilis. The exact function, i.e., whether FliZ is a structural protein, one needed for assembly, or one needed for flagellum-specific export, has not been determined.
Experiments with B. subtilis in which the signal sequence of fliZ was translationally fused to phoA indicate that the fusion protein is not secreted but is directed to the membrane. Assuming that FliZ behaves in a manner similar to that of the fusion protein, it is also inserted into the membrane. This is also supported by the hydropathy plot of FliZ, which indicates at least one potential membrane-spanning region, and possibly two, if the signal sequence is not cleaved. Two possible models for the insertion of FliZ into the membrane are presented in Fig. 8 . If the signal sequence is not cleaved, FliZ could span the membrane twice, as shown in Fig. 8A . The first spanning region (residues 6 to 27) is within the signal sequence. This conformation would have both the N and C termini on the same side of the membrane. If the signal sequence is cleaved, FliZ could adopt the conformation shown in Fig. 8B , in which the N and C termini are on opposite sides of the membrane and the only membrane-spanning region is between residues 67 and 96. In either case, the C terminus of FliZ would be available to interact with the flagellar structure.
fliZ::cat has been shown to belong to the cheA complementation group. Originally, five mutations were mapped to this group (28) . Four were tumbly mutants, and one (NI17) was a smooth swimmer. Additional experiments revealed that NI17 does not belong to this complementation group. It is unknown at this time which complementation group the mutation in NI17 belongs to or the reason for the error.
Therefore, all fliZ (cheA)IfliP (cheC) point mutants are tumbly, as are the FliP (CheC) point mutants (28) . Many other mutants that have chemotaxis phenotypes whose mutations are almost certainly in flagellar genes (cheF, cheH, cheE, cheG, cheJ, cheK, and cheI) have been isolated. Many of these mutants are also defective in methanol release upon addition of chemotactic stimuli (4), although fliZ (cheA) and fliP (cheC) mutants exhibit normal methanol production (25) . It is likely that the tumbly mutants make a somewhat defective motility apparatus that affects the cell's ability to process the chemotactic signals properly.
One possible function of FliZ could be to stabilize the basal body. In E. coli, FlgI (P ring) and FlgH (L ring) anchor the rod to the peptoglycan layer and to the outer membrane. These are the only two E. coli flagellar proteins that have conventional signal sequences at the N terminus (14) . These proteins apparently use the primary cellular export pathway, whereas all other flagellar proteins appear to be exported through the flagellum-specific export system (21) . The signal sequences are cleaved prior to insertion into the flagellar structure. Once the rod is inserted into the membrane, the P and L rings are brought in from outside the initial structure and are put into place to stabilize the rod. 
